One sentence summary: A new food-derived and potentially non-pathogenic wild-type strain of Enterobacter sp. produces remarkable 2,3-butanediol quantities from low-cost sugars employed as substrates. Editor: Michael Sauer ABSTRACT 2,3-Butanediol (BDO) is an important platform chemical with a wide range of applications in various industries. In the present study, a newly isolated wild Enterobacter sp. strain (FMCC-208) was evaluated towards its ability to produce BDO on media composed of sugars derived from sucrose refinery plant. Optimum values of temperature and pH as well as substrate inhibition were determined through batch experiments. The ability of the strain to convert various monosaccharides was also investigated. Maximum BDO concentrations of 90.3 and 10 g l -1 of acetoin were obtained during a fed-batch bioreactor experiment with cane molasses and sucrose employed as substrates. A high volumetric productivity was noted in a fed-batch experiment using molasses and sucrose as carbon sources at T = 37 • C, in which 73.0 g l -1 of BDO together with 12.4 g l -1 of acetoin was produced where 1.15 g l -1 h -1 of diol/acetoin was produced. In previously pasteurized media, 70.0 g l -1 of BDO and 5.0 g l -1 of acetoin were produced (yield = 0.39 g g -1 ). Finally, besides BDO production, growth on molasses was accompanied by non-negligible decolorization (25-35%) of the residue. Therefore, the strain is a promising candidate for the conversion of sucrose-based materials into BDO.
INTRODUCTION
2,3-Butanediol (BDO), an added-value platform chemical compound that can be synthesized through microbial fermentations conducted when various low-cost materials are employed as substrates, presents important applications in agro-food, pharmaceutical and chemical industries (Zeng and Sabra 2011; Sabra, Groeger and Zeng 2016) . Therefore, methyl-ethyl-ketone, the dehydration product of BDO, can be used as an excellent organic solvent for resins and lacquers, while it can also find applications as liquid fuel having a higher heat of combustion than that of ethanol (Xiu and Zeng 2008; Ji et al. 2010; Ji, Huang and Ouyang 2011; Zeng and Sabra 2011) . BDO can also be converted into 1,3-butadiene, which is used as a basic chemical compound for the production of synthetic rubbers, polyesters and polyurethanes; can be dehydrated to form 3-buten-2-ol; or it can be dehydrogenated to form acetoin and diacetyl, compounds presenting importance for the food industry and technology (Maddox 1996; Sabra, Groeger and Zeng 2016) . Likewise, BDO can be ketalized with acetone to produce a 'tetramethyl' compound, which is a potential gasoline blending agent similar to the commonly used methyl tert-butyl ether (Ji et al. 2010; Sabra, Groeger and Zeng 2016) .
Strains that are able to produce BDO in significant quantities belong but are not limited to the genera Klebsiella, Enterobacter, Bacillus and Serratia (Lee and Maddox 1986; Maddox 1996; Nakashimada et al. 1998; Soltys, Batta, and Koneru 2001; Syu 2001; Marwoto et al. 2004 Marwoto et al. , 2008 Ma et al. 2009 , Cheng et al. 2010 . Various strains of Lactobacillus and Lactococcus have also been reported to present the potential of synthesizing BDO in remarkable concentrations (Celinska and Grajek 2009 ). An important drawback related to the use of the principal BDO-producing microorganisms Klebsiella pneumoniae, K. oxytoca and Serratia marcescens (Maddox 2008; Zeng and Sabra 2011; Sabra, Groeger and Zeng 2016) refers to the fact that several strains of these species are (important) opportunistic pathogens, and therefore, potential scale-up of the bioprocess using the above-mentioned species is not an obvious task (Li et al. 2013) .
Concerning substrates used, a variety of monosaccharides, both hexoses and pentoses, or glycerol, can be converted into BDO Maddox 1984, 1986; Syu 2001; Maddox 2008; Celinska and Grajek 2009; Li et al. 2013; Cho et al. 2015a) . In bacterial metabolism, these substrates are initially converted to pyruvate before generation of major products. From glucose or glycerol, pyruvate is formed via the Embden-Meyerhof pathway (glycolysis). In contrast, the production of pyruvate from pentoses must proceed via a combination of the pentose phosphate, the phospho-ketolase and the Embden-Meyerhof pathways (Jansen and Tsao 1983; Athenaki et al. 2018) . In addition to BDO, a mixture of acetate, lactate, formate, succinate, acetoin and ethanol is also produced through the mixed acid-BDO fermentation pathway (Magee and Kosaric 1987; Koutinas et al. 2014) , while when glycerol is employed as substrate, 1,3-propanediol can also be generated as final product, specifically if anaerobic conditions are imposed (Zeng and Sabra 2011; Cho et al. 2015; Sabra, Groeger and Zeng 2016) . Finally, factors influencing BDO production from bacterial strains can be either nutritional, like substrate and product concentrations as well as factors related with the implicated culture conditions i.e. aeration, temperature and pH (Xiu and Zeng 2008; Celinska and Grajek 2009; Ji, Huang and Ouyang 2011) .
The current investigation focused on the evaluation of the ability of a newly isolated potentially non-pathogenic wild-type strain of Enterobacter sp. to present growth and production of BDO during cultivation on several commercial carbon sources and residues of carbohydrate nature (deriving from a sugar refinery plant) employed as substrates. Different parameters were studied during batch fermentations, and the optimum values of temperature, substrate concentration and pH were applied in fed-batch bioreactor processes that maximized BDO production.
Technological approaches concerning this bioprocess were critically considered and discussed.
MATERIALS AND METHODS

Microorganism
A newly isolated potentially non-pathogenic wild-type strain of Enterobacter sp. that belongs to the Enterobacteriaceae family was used in this study (Doulgeraki, Paramithiotis and Nychas 2011; Metsoviti et al. 2012a ). This strain was isolated from meatbased products (Doulgeraki, Paramithiotis and Nychas 2011) by using the selective medium Violet Red Bile Glucose Agar employed exclusively for the isolation of enterobacterial saprophytic (thus, food-spoilage) and non-pathogenic strains (Drosinos et al. 2005; Argyri et al. 2011) , and was identified and characterized at the Agricultural University of Athens obtaining the code Enterobacter sp. FMCC-208 (Doulgeraki, Paramithiotis and Nychas 2011; Metsoviti et al. 2012a ). Long-term storage took place at T = -80
• C in Tryptic Soy Broth, supplemented with 20% w/v glycerol. Before each experimental use, the strain was cultured in Tryptic Soy Broth and incubated at the optimum temperature for 24 h. Petri dishes were inoculated using this culture and incubated at T = 30
• C for 24 h in order to be used for the preparation of the pre-cultures.
Culture conditions
Anaerobic batch fermentations in Duran bottles
Preliminary tests in 1-l Duran bottles were performed on a synthetic (MRS) medium containing (per l of medium) peptone 5 g; meat extract 5 g; yeast extract 2.5 g; K 2 HPO 4 2 g; CH 3 COONa 5 g; MgSO 4 0.41 g. Commercial sucrose (purity ≈ 98%) purchased from 'Hellenic Industry of Sugar S.A.' (Thessaloniki, Greece) (cost of sucrose is c. 0.1$/kg) and cane molasses provided by 'Petróleo Brasileiro S.A.-Petrobras' (Rio de Janeiro, Brazil) were used as carbon sources. Raw molasses contained 50-52% w/v of sucrose, 6% w/v of protein, 5% w/v of fructose and 14% w/v of ash. The initial concentration of total sugars was ≈ 15, ≈ 30 and ≈ 60 g l -1
when sucrose and molasses were used as carbon sources. The final fermentation volume was 800 ml. Cultures were inoculated with 10% (v/v) of the pre-culture inoculum. Glucose was used as the carbon source in a concentration of 10 g l -1 . Pre-cultures were incubated in 250-ml flasks filled with 80 ml of MRS medium, for 18-20 h at T = 30
• C with an agitation of 180 rpm (Lab-Line, IL, USA). The pre-culture medium was inoculated with a single colony from a Petri dish. The initial pH value of both the main culture medium and the pre-culture medium after autoclaving was 7.0 ± 0.2. In the case of the main culture, the pH remained uncontrolled until the end of the fermentation. In order to achieve anaerobic conditions during the fermentations, the medium was sparged with N 2 for 30 min before autoclaving. The Duran bottles were incubated in an orbital shaker (Lab-Line) at an agitation speed of 180 rpm and T = 30 • C. Samples were taken every 2 h under aseptic conditions in the laminar flow.
Aerobic batch fermentations in shake flasks
In order to evaluate the potential of the strain to convert sucrose under aerobic conditions, preliminary experiments in shake flasks using the MRS medium in which 30 or 60 g l -1 of sugar were added were carried out. On the other hand, further experiments were focused on the optimization of the process. Therefore, different parameters (i.e. employment of various carbon sources, incubation temperature, initial carbon source concentration, evaluation of potential substrate inhibition) were studied during aerobic batch experiments in shake flasks in order to identify the optimum values for the strain growth along with the maximum achievable product synthesis. Thus, besides commercial sucrose, glucose, fructose, mannose, arabinose, galactose and xylose (all these sugars were analytical-grade; purity ≈ 99.5%), were added into the MRS medium in an initial concentration adjusted to c. 30 g l -1 . Cane molasses were also added, equally at initial total sugars at ≈ 30 g l -1 . The fermentations took place at T = 30 • C. Moreover, in order to evaluate the optimum temperature for growth and BDO production, trials with six different incubation temperatures (i.e. T = 25, 30, 34, 37, 40, 42
were carried out in shake-flask cultures in which initial sucrose concentration adjusted to c. 20 and 40 g l -1 was employed. All of the previous shake-flask fermentations were conducted in 500-ml non-baffled flasks. The working volume of the fermentation was 100 ± 2 ml and flasks were inoculated with 10% (v/v) of a pre-culture (see previously). Samples were taken every 2 h under aseptic conditions in a laminar flow. Likewise, bacterial growth was studied using a wide range of initial sucrose concentrations in order to identify the maximum value in which no substrate inhibition was observed. In particular, 10 different initial sucrose concentrations (viz. 5, 10, 15, 20, 40, 60, 80, 110, 130 and 150 g l -1 ) were used in shake-flask experiments at T = 37
Samples were taken every 30 min, and the μ max value of each of the fermentations carried out was calculated. Experimental μ max values were calculated by fitting the equation ln( X / X 0 ) = f (t) on the experimental data within the early exponential growth phase (X is the dry cell weight-DCW concentration in g l -1 ).
Finally, two shake-flask experiments under non-aseptic conditions (namely previously 'pasteurized' media) were conducted in 500-ml non-baffled flasks (working volume as previously adjusted to c. 100 ml) using sucrose as carbon source in an initial concentration ≈ 40 g l -1 . The culture medium was thermally treated to T = 80 • C for 15 min and the inoculum volume was 15%
(v/v) of the final working volume. During the first shake-flask experiment under non-aseptic conditions, all samples were taken from the same flask, while during the second experiment each sample was taken from a different flask. The previous experiments were conducted in an orbital shaker (Lab-Line) at an agitation speed of 180 rpm. In all cases, the pH remained uncontrolled throughout the whole fermentation. In several of the shake-flask experiments conducted, dissolved oxygen tension (DOT, in % v/v) was offline determined using a selective electrode (OXI 96, B-SET, Weilheim, Germany), according to Papanikolaou et al. (2004) . Specifically, before harvesting, the shaker was stopped and the probe was placed into the flask. Then, the shaker was again switched on and the measurement was taken after DOT equilibration (this happened usually within the next 10 min). In all of the fermentations carried out and for all culture phases tested, DOT values were always ≥ 20%, v/v; in fact, of the shake-flask cultures performed, DOT values were ≈ 30%, v/v, and mostly during the BDO production phase. As seen in Fig. 1 , a DOT value = 20%, v/v, corresponds to a dissolved oxygen concentration into the liquid of c. 1.6 mg l -1 , while the respective one of 30%, v/v, corresponds to c. 2.4 mg l -1 . DOT values ranging between 20 and 30%, v/v, are indicated as satisfactory ones for fermentations, which are considered to be carried out under aerobic conditions (Krahe 2003; Metsoviti et al. 2011; Hagman et al. 2013) .
Aerobic batch bioreactor fermentations
The study was also focused on the evaluation of the optimum pH value for growth of the strain and the production of BDO. For at incubation temperature T = 37 • C) were conducted. The pH value was measured online with a selective pH meter (Jenway 3020, UK) and was controlled by automatic addition of 5 M NaOH. The working volume for each bioreactor experiment was 0.9 l; a 10% (v/v) inoculum was employed while the agitation rate was adjusted 180 ± 5 rpm. In order to achieve aerobic conditions, the medium was sparged with air with a rate of 1 vvm throughout the whole experiment.
Fed-batch bioreactor experiments
To further assess the ability of the bacterial growth and BDO production on sugars employed as substrate, fed-batch experiments in a 2-l bioreactor (Infors HT, Type Labfors) in which the working volume was adjusted at 0.8 l were conducted. The bioreactor culture medium was MRS supplemented with molasses as initial carbon source in 45 and 30 g l -1 initial total sugars concentration in anaerobic and aerobic conditions, respectively. When the carbon source concentration was low, pulses of a concentrated sucrose or a molasses solution (600 g l -1 sucrose or molasses) containing also 5% (w/v) yeast extract were injected into the bioreactor. The initial fed-batch cultures were conducted at T = 30
• C under anaerobic and aerobic conditions. Anaerobic bioreactor conditions were achieved while sparging with N 2 for 30 min before autoclaving. Thereafter, growth proceeded under anaerobic conditions through self-generated anaerobiosis (Metsoviti et al. 2012b) . During the anaerobic fermentation the agitation rate remained at 180 rpm. During the aerobic fermentations 1 vvm of aeration was provided into the culture medium while the DOT was constantly ≥ 20%, v/v, achieved with a cascade agitation rate from 180 to 400 rpm. In general, effort was given in the trials performed under aerobic bioreactor experiments to have DOT values that were similar to the ones carried out in shake flasks. Samples were taken every 2 or 3 h depending from the experiment. Further fed-batch experiments were conducted under aerobic conditions at T = 37 • C. The initial pH was adjusted to 7.0 before autoclaving and was controlled by automatic addition of 5 M NaOH when it was lower than 6.0.
Fed-batch shake-flask experiments
A fed-batch experiment was conducted in a 2-l shake flask presenting 500 ml working volume in previously pasteurized media (T = 80
• C for 15 min). Rapidly after the thermal treatment conducted and when temperature became ambient, the flask was inoculated with the pre-culture (inoculation volume = 15%, v/v, of the final working volume of the flask). The experiment was conducted at T = 37
• C in an orbital shaker (Lab-Line) at an agitation speed of 180 rpm. The pH was adjusted to value 7.0 before autoclaving and was controlled by automatic addition of 5 M NaOH when the value was lower than 6.0. In parallel, fed-batch fermentation in a 2-l shake flask under aseptic conditions was conducted in order to compare the growth and final product accumulation with the one under non-aseptic conditions.
Analytical methods
Cell concentration (X, g l -1 ) was determined through DCW anal- 
The determination of sucrose and total sugars in the molasses fermentations was carried out via hydrolysis of sucrose to glucose and fructose prior to HPLC analysis. This was achieved by mixing 100 μl of 10% (v/v) H 2 SO 4 solution with 500 μl supernatant followed by heating the mixture at T = 100 • C for 30 min. The concentration of sucrose or carbohydrates found in the molasses is expressed as total sugars, including the concentration of both glucose and fructose while the dilution of the supernatant mixed with the acid was taken into consideration. All data presented are the average of two independent experiments performed under the same culture conditions.
In several trials in which molasses were used as a carbon source, decolorization of the medium was determined by measuring the decrease of absorbance at 475 nm (Hitachi U-2000, Japan) as described in previous studies (Dahiya, Singh and Nigam 2001; Metsoviti et al. 2011) . The absorbance (475 nm) of the fermentation medium (diluted 10 times) before inoculation was determined as set point. The difference between the absorbance of the set point and each experimental point was expressed in %.
RESULTS
Initial trials demonstrating sugar assimilation and 2,3-butanediol production
During the first set of experiments, anaerobic fermentations in 1-l Duran bottles were carried out in order to investigate the potential of Enterobacter sp. FMCC-208 to convert sucrose and molasses into BDO (Table 1a) . Commercial sucrose or cane molasses (total sugars adjusted at c. 15, 30 and 60 g l -1 ) were employed as substrates, and in all cases when the culture was stopped, the highest quantity of the sugar employed as substrate had been assimilated by the strain. As it is shown in In order to further assess the potential of Enterobacter sp. FMCC-208 to produce BDO, trials under aerobic conditions were performed in shake-flask experiments. Thus, two different experiments were conducted in which c. 30 and 60 g l -1 of commercial sucrose had been employed as substrate. Table 1b compares the final biomass production and product formation under anaerobic and aerobic conditions. As it is shown, although the bioconversion was successful in both types of fermentations, Y BDO,Ace and BDO max values were higher during the aerobic trials; in fact, the conversion yield of BDO produced under aerobic conditions was very close to the maximum theoretical one (Celinska and Grajek 2009), while the volumetric productivity value of 1.19 g l -1 h -1 , was noted under the above-mentioned culture conditions. Considering that aerobic conditions led to higher productivity, all experiments that followed were conducted in shake flasks in order to determine the ability of the strain to assimilate various carbon sources along with the optimum values of temperature and pH. 
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Culture conditions: T = 30 • C; agitation rate = 180 rpm; initial pH = 7.0. Each point is the mean value of two independent measurements.
a Fermentation was extended after the indicated time with no more sugar having been consumed. Representation of maximum biomass production, substrate consumption, final 2,3-butanediol, acetoin and other organic products concentration, conversion yield and productivity in batch fermentations under aerobic conditions using different carbon sources. Culture conditions: growth in 500-ml flasks filled with 100 ml, T = 30
agitation rate = 180 rpm; initial pH = 7.0. Each point is the mean value of two independent measurements.
Evaluation of the ability of the strain to assimilate different sugars
The current study was further focused upon the ability of the strain Enterobacter sp. FMCC-208 to consume various pentoses and hexoses and simultaneously produce BDO. Aerobic shake-flask fermentations were performed using different carbon sources at initial sugar concentration of c. 30 g l -1 , and the obtained results are shown in Table 2 . As it is shown, the strain converted various monosaccharides into BDO, acetoin and other organic acids reaching high yields and productivities. Maximum volumetric productivity (>1.20 g l -1 h -1 ) was achieved when glucose, fructose sucrose and mannose were used as carbon sources. Remarkably high values of yield of BDO and acetoin (Ace) observed per unit of sugar consumed (Y BDO,Ace ) (e.g. > 0.47 g g -1 ) were noted when hexoses (e.g. glucose, fructose, mannose and galactose) were added into the medium. Utilization of pentoses (i.e. arabinose and xylose) resulted in interesting substrate assimilation and BDO + Ace production, but the conversion yield Y BDO,Ace was somehow lower than the one reported for the growth on hexoses (i.e. Y BDO,Ace value was ≈ 0.43 g g -1 )
suggesting the non-utilization of the phospho-ketolase pathway concerning the pentoses breakdown (Athenaki et al. 2018) by Enterobacter sp.
Temperature effect on growth and BDO production during aerobic fermentations using sucrose as carbon source
Given that sucrose proved to be an efficient substrate for BDO production, it was decided to further optimize BDO production using this carbon source. Therefore, in a next step the bacterial growth and the metabolism related to the effect of the incubation temperature was studied by using commercial sucrose as starting material for the fermentations performed. Six different incubation temperatures (i.e. T = 25, 30, 34, 37, 40 and 42
were evaluated in shake-flask cultures carried out using 20 and 40 g l -1 of initial sucrose added (Table 3) . As shown, the strain was capable of growing in a wide range of temperatures applied throughout the fermentation. Slight differences concerning the final biomass production amongst the different incubation temperatures were noted. The highest values concerning bioconversion yield (Y BDO,Ace , in g g -1 ) and volumetric productivity (in g l -1 h -1 ) were recorded at T = 37 • C in both initial sucrose concentrations applied into the culture medium. Therefore, all following experiments were conducted at T = 37 • C.
Impact of sucrose concentration upon the microbial growth of Enterobacter sp. FMCC-208
Taking into consideration that the productivity was higher in the case of T = 37 • C, experimental work was subsequently focused on the optimization of the bacterial growth using 10 different initial sucrose concentrations (namely 5, 10, 15, 20, 40, 60, 80, 110, 130 and 150 g l -1 ) in shake-flask experiments at T = 37 • C.
It was mostly interesting to evaluate the μ max during growth on the several initial sucrose concentration media, and for this reason the curve of ln( X / X 0 ) = f (t) was fitted on the available experimental data within the early exponential growth phases of the trials. On the other hand, in this part of the work we were not interested in the BDO production and the Y BDO value achieved. 20.4 ± 0.7 4.0 ± 0.3 7.0 ± 0.3 1.0 ± 0.2 1.9 ± 0.1 0.39 ± 0.02 0.89 ± 0.01 9 36.9 ± 1.2 5.3 ± 0.1 12.0 ± 1.1 1.2 ± 0.3 1.5 ± 0.2 0.36 ± 0.02 1.20 ± 0.10 11 34 20.5 ± 0.9 4.5 ± 0.2 6.0 ± 0.2 1.8 ± 0.1 1.7 ± 0.3 0.38 ± 0.01 0.98 ± 0.01 8 39.7 ± 0.5 4.5 ± 0.1 13.0 ± 0.2 2.4 ± 0.3 4.0 ± 0.5 0.39 ± 0.01 1.54 ± 0.02 10 37
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Culture conditions: growth in 500-ml flasks filled with 100 ml, agitation rate = 180 rpm; initial pH = 7.0. Each point is the mean value of two independent measurements. Representation of the maximum specific growth rate of the strain in shake flask fermentations carried out at T = 37 • C. Culture conditions: growth in 500-ml flasks filled with 100 ml, agitation rate = 180 rpm; initial pH = 7.0. Each point is the mean value of two independent measurements. a Initial sugars at 112.5 g l -1 , fermentation was extended after 30 h and no more sugar has been consumed b Initial sugars at 136.5 g l -1 , fermentation was extended after 36 h and no more sugar has been consumed c Initial sugars at 155.0 g l -1 , fermentation was extended after 38 h and no more sugar has been consumed initial sucrose concentrations employed, μ max values decreased suggesting substrate inhibition exerted due to the relatively increased initial sucrose concentration added into the medium. Moreover, all other fermentation parameters are presented (Table 4), and by taking into consideration the conversion yield of biomass produced per unit of substrate consumed (Y X/S , g g -1 ), which is a major kinetic parameter that should also be taken into consideration for the study of substrate inhibition phenomena (Papanikolaou et al. 2000; Krahe 2003; Tchakouteu et al. 2015 Tchakouteu et al. , 2017 , it can be deduced that onset of substrate inhibition occurs in much lower initial sucrose concentrations imposed into the medium (i.e. c. 15 g l -1 ), as compared to the rationale that takes into consideration the calculation of μ max . On the other hand, the lag phase time that is another factor demonstrating possible substrate inhibition (Metsoviti et al. 2012b) seems to somehow increase to > 4 h in indeed high initial sucrose concentrations (e.g. ≥ 130 g l -1 ) imposed into the medium. Likewise, and despite the high sucrose concentrations (e.g. ≥ 80 g l -1 and up to 150 g l -1 ) that were found in several of the shake-flask experiments carried out, sufficient sugar quantities have been assimilated, with the upper threshold of sucrose consumed for this type of culture configuration being ≈ 90 g l -1 (Table 4) 
Assimilation of sucrose and BDO production under non-aseptic conditions
In order to evaluate the ability of the strain to perform BDO bioprocess production in large-scale operations (Koutinas 2016) , it was interesting to carry out trials in media which had not been previously subjected to heat sterilization. Therefore, two shake-flask experiments were conducted in previously pasteurized media (T = 80
• C for 15 min). Table 5 presents the substrate consumption along with BDO and Ace production. As shown, during the flask experiment in which all of the fermentation points derived from one and the same flask, a yield of 0.41 g g -1
was reached. When each fermentation point was the mean value of two different flasks, the yield was slightly lower (= 0.39 g g -1 ). On the other hand, compared to the respective aseptic experiment (see Table 3 ), the volumetric productivity achieved during the culture in the previously pasteurized medium was somehow lower (2.35 against 1.22 g l -1 h -1 ). Likewise, it should be stressed that a petri dish was inoculated at the end of the previously pasteurized experiment in order to detect any possible contamination. Indeed, after 15 h of cultivation, colonies Representation of maximum biomass production, substrate consumption, final 2,3-butanediol and acetoin concentration, conversion yield on sugar consumed and productivity in batch fermentations. Culture conditions: growth in 500-ml flasks filled with 100 ml, T = 37 • C; agitation rate = 180 rpm; initial pH = 7.0. Each point is the mean value of two independent measurements. a Samples taken from the same flask. b Samples taken from different flasks. 
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Culture conditions: T = 37 • C; agitation rate = 180 rpm; aeration 1 vvm; culture pH indicated in the table. Each point is the mean value of two independent measurements.
of the strain Enterobacter sp. FMCC-208 were the only ones that were observed. This was based on both macroscopic observation of the colonies formed and microscopic observation of the cells obtained from the previously developed colonies.
Influence of pH value in batch fermentations under aerobic conditions with sucrose employed as carbon source
In order to evaluate the optimum pH value for the bacterial growth and the production of BDO, four batch bioreactor experiments were carried out at constant pH values of 5.0, 6.0, 6.5 and 7.0. The strain presented a very restricted growth at a pH = 5.0, and, therefore, very low sugar quantities consumption has been observed during this trial. However, the bacterial growth was sufficient in higher pH values. Table 6 presents the results from the three batch fermentations carried out at pH = 6.0, 6.5 and 7.0 with an initial sucrose concentration adjusted at c. 40 g l -1 .
Slight variation of the final biomass production was observed at the end of the three fermentations. As for the bioconversion of sugar into BDO + Ace, much better results concerning the final BDO + Ace concentration and the yield Y BDO,Ace were recorded at a medium pH value of 6.0 compared to the trials at 6.5 and 7.0. When the pH value was adjusted at 6.5 or 7.0, much higher volumetric productivities (i.e. 1.81 and 2.14 g l -1 h -1 ) were achieved (see Table 6 ).
Fed-batch experiments for enhanced 2,3-butanediol production
The first set of fed-batch fermentations was carried out either under anaerobic or aerobic conditions. These trials were carried out at incubation temperature T = 30 • C, since as it has previously been demonstrated (see Tables 1a, b 
and 3) that temperatures between 30
• C and 37
• C are favorable, concerning both the conversion yield of PDO produced per sugar consumed and the volumetric productivity for the process. As shown in Table 7 (and as it was expected through all of the previously mentioned results), BDO formation significantly increased under aerobic conditions. In particular, 30.1 g l -1 of BDO and 5 g l -1 of acetoin were accumulated at the end of the anaerobic fermentation. In contrast, at the end of the aerobic fermentation the remarkably high final BDO concentration was 90.3 g l -1 while the final acetoin concentration was 10 g l -1 . DCW production was also remarkably higher in the case of aerobic conditions (Table 7) . The bioconversion yield (namely Y BDO,Ace in g g -1 , that is the sum of 2,3-butanediol and acetoin produced divided by the quantity of total sugars consumed for the given fermentation point) was higher when aeration was applied into the culture medium with a value of 0.43 g g -1 , while the yield obtained under anaerobic conditions was 0.39 g g -1 . As for the productivity, slight difference was observed in the case of aerobic and anaerobic fermentation, reaching a value of 0.84 and 0.90 g l -1 h -1 respectively. It must be pointed out that during the fed-batch bioreactor experiments performed, the 'end of the culture' meant that the microorganism was virtually unable to further produce BDO and the substrate was converted to other organic acids. Further incubation, thus, in both anaerobic and aerobic fed-batch experiments was not taken into consideration, and the volumetric productivity was calculated as the sum of 2,3-butanediol and acetoin produced divided by the fermentation time at the given fermentation point in which the maximum amount of BDO + Ace was seen. Additionally, biomass concentration dramatically decreased due to the bacterial cell lysis. The kinetics of total sugars consumption as well as the production of BDO, other organic acids and DCW during anaerobic and aerobic fermentations are shown in Fig. 2A and B and Fig. 3A and B, respectively. As previously stated, the incubation temperature T = 37 • C was also very favorable concerning the batch experiments carried out in shake flasks (see Table 3 ); therefore, a fed-batch experiment was conducted at this temperature, under aerobic conditions, using molasses as initial carbon source while sucrose was added into the medium when needed (Table 7 ). The Table 7 . Comparative values of maximum biomass production, substrate consumption, final 2,3-butanediol concentration, conversion yield and productivity in fed-batch trials of Enterobacter sp.
FMCC-208 using molasses and sucrose as carbon source, under anaerobic and aerobic conditions. Fermentation kinetics of total sugars consumption as well as the production of BDO, acetoin and other organic acids and biomass accumulation during aerobic fed-batch fermentation at T = 37 • C are shown in Fig. 4A and B. As shown, the final BDO production was 73.0 g l -1
while final acetoin accumulation into the medium was 12.4 g l -1 .
The bioconversion yield was 0.45 g g -1 and the productivity rate was remarkably higher at 37
• C, reaching a value of 1.15 g l -1 h -1 .
Another fed-batch bioreactor experiment was conducted using molasses as the sole carbon source into the culture medium at T = 37
• C. The aim was to identify the capability of the strain to grow and produce BDO with no substrate inhibition, using this sugar-processing residue as the only carbon source. As shown in Table 7 and Fig. 5A and B, although remarkable quantities of sugars had been assimilated, the final BDO concentration was considerably reduced when only molasses were added into the culture medium as compared to the final product concentration in the case of the fed-batch experiment using molasses and pulses of sucrose. In particular, approximately 230 g l --1 of total sugars derived from molasses were converted into 52 g l -1
of BDO and 8.7 g l -1 of acetoin while the final accumulation of the lactic acid was 33 g l -1 , the highest value detected among all the fed-batch experiments. As for the final bioconversion yield of molasses into BDO and acetoin was remarkably low, reaching a value of 0.26 g g -1 while the productivity rate value was 0.95 g l -1 h -1 .
Two other fed-batch experiments using sucrose as the sole carbon source were performed in 2-l shake flasks (Table 7 ). In the first shake-flask fed-batch experiment, the medium had been previously sterilized and at the end of the fermentation 74. Table 7 shows the final substrate consumption along with growth and BDO production. At the end of the fermentation using pasteurized medium, a Petri dish was inoculated with the flask culture and after 24 h of incubation at T = 30
• C, only a few colonies (<5%) presenting different morphology compared to that of the microorganism Enterobacter sp. FMCC-208 were seen. Microscopic observation of cells deriving from the 'contaminant' colonies showed that the implicated contaminant microorganisms were Gram-positive rods.
Color removal occurring during molasses fermentation
Besides BDO production, trials performed on molasses employed as the sole carbon source were accompanied by non-negligible decolorization of the residue; therefore, anaerobic cultures performed in Duran bottles were accompanied by a decolorization of the medium of c. 25%. On the other hand, aerobic growth occurring in shake-flask experiments resulted in somehow higher decolorization of the medium (c. 35%) (Fig. 6) . In both aerobic and anaerobic experiments performed, decolorization seemed to be a completely growth-associated process.
DISCUSSION
The interest of the utilization of agro-industrial residues for the production of added-value bioproducts that can be used in the chemical and food industries has significantly increased the last decades (Lin et al. 2014) . Every year, huge quantities of agro-food and industrial residue streams that are rich in lignin, cellulose and other carbohydrates are produced. As a result, the research has been focusing to the development of economically efficient and environmentally friendly ways of the utilization of the above-mentioned wastes for the production of added-value products via microbial technology Lin et al. 2014) . The present investigation refers to the utilization of low cost (i.e. cost of commercial sucrose is c. 0.1$/kg, while cost of molasses is even lower) and abundant raw materials (commercial sucrose and its principal by-product molasses are produced in very high and continuously increasing quantities worldwide) in order for BDO, a product with numerous applications in the industry, to be produced. Sugar-based materials (i.e. pure sugars, commercial sugars, industrially produced feedstocks i.e. very high polarity sucrose from sugarcane mills or sugar-based effluents) are the principal carbon sources amenable for the synthesis of BDO. Satisfactory BDO concentrations achieved in the various sugar-based fermentations reported are within the range of 70-90 g l -1 , while the maximum theoretical conversion yield of BDO produced per sugar consumed depended on the nature of the sugar employed (i.e. sucrose, maltose or dextrins present a slightly higher maximum theoretical yield compared with the simple polysaccharides) is 0.50-0.53 g g -1 (for reviews, see Maddox 2008; Xiu and Zeng 2008; Celinska and Grajek 2009; Zeng and Sabra 2011; Sabra, Groeger and Zeng 2016) . In the present study, a newly isolated potentially nonpathogenic Enterobacter sp. strain (strain FMCC-208) was used, and its dynamics to convert several types of sugars as well as cane molasses (the principal residue deriving from saccharoseproducing facilities) into BDO and other organic compounds (i.e. acetoin) with various applications in food and chemical technology was assessed. Moreover, during growth on molasses employed as carbon source, interestingly the microorganism besides production of the requested metabolites (BDO and acetoin) performed non-negligible decolorization of the culture medium under both anaerobic and aerobic conditions. As indicated in the previous sections, some principal BDO-producing microorganisms are characterized as opportunistic pathogens (Li et al. 2013) ; therefore, it is of interest to identify natural wild-type potentially non-pathogenic microorganisms capable to produce in remarkable quantities metabolites of added value (Celinska and Grajek 2009; Koutinas et al. 2014) .
Preliminary batch experiments under anaerobic and aerobic conditions using commercial sucrose and molasses as carbon sources at relatively low sugar concentrations imposed into the medium revealed the ability of the strain to produce BDO. On the other hand, shake-flask experiments (in which oxygen was found in non-negligible quantities into the medium) led to higher productivity (both as regards absolute BDO values into the medium in g l -1 and relative values of BDO synthesized per unit of sugar consumed in g g -1 ) compared to the anaerobic trials. In general, an important parameter related to BDO production is considered to be the oxygen supply, while BDO is considered to be a product the metabolism of which is linked to the anaerobic or microaerobic metabolism (Celinska and Grajek 2009; Zeng and Sabra 2011; Dai et al. 2015) . The physiological feature observed in the current investigation, meaning, in fact, the synthesis of BDO (and Ace) under relatively sufficient aerobic conditions, can be considered as somehow unusual result. However, in other studies, aeration has shown to (significantly in several cases) enhance BDO synthesis (Maddox 1996; Petrov and Petrova 2010; Metsoviti et al. 2012a) , whereas in some cases indeed intensive aeration strategy (i.e. 2.2. vvm of air supply in the bioreactor) maximized BDO biosynthesis (Petrov and Petrova 2010) . Nevertheless, the general biochemical consideration and theory related to BDO biosynthesis indicate that the oxidative pathway, where NADH 2 co-factors are recycled through the respiratory chain, does not favor the above-mentioned process, favoring the formation of bacterial DCW (Zeng and Sabra 2011; Sabra, Groeger and Zeng 2016) . During most shake-flask and aerobic bioreactor experiments carried out in the current investigation, DOT values were always > 20%, v/v, while during the BDO productive phase these values were c. 30%, v/v.
These values correspond to sufficient aerobic conditions in the fermentation (Krahe 2003; Metsoviti et al. 2011; Hagman et al. 2013; Papanikolaou et al. 2017 ). Within the above-mentioned range of DOT values (namely 20-30%, v/v), certainly DCW production is enhanced when compared to the respective anaerobic trials (see Tables 1b and 7) , whereas in this DOT range, potentially a satisfactory intracellular pool of NADH 2 could always have been maintained to be used through acetoin dehydrogenase and 2,3-butanediol dehydrogenase reactions, enhancing, thus, 2,3-butanediol and acetoin production (Maddox 1996; Celinska and Grajek 2009; Zeng and Sabra 2011) . A similar trend in which higher BDO production was noted in shake-flask experiments (presenting, in any case, DOT values ≥ 30%, v/v) compared to Duran anaerobic bottles has already been reported during growth on waste glycerol by another potentially nonpathogenic newly isolated E. aerogenes strain (strain FMCC-10, equally isolated from several types of food stuffs) (Doulgeraki, Paramithiotis and Nychas 2011; Metsoviti et al. 2012a) . Likewise, DOT values of c. 20%, v/v, throughout the BDO productive phase of Bacillus licheniformis DSM 8785 have been considered as optimum ones in order to maximize BDO production in fed-batch bioreactor glucose-based experiments (BDO max ≈ 125 g l -1 ; Y BDO = 0.37 g g -1 ) (Jurchescu 2013) . In contrast, too high oxygen supply in most cases seems to prevent BDO production due to rapid and irreversible inactivation of α-acetolactate synthase and the subsequent metabolic shift towards DCW production instead of BDO biosynthesis (Celinska and Grajek 2009; Zeng and Sabra 2011; Koutinas et al. 2014) . In any case, it must be pointed out that the potential of BDO production by strains cultivated under sufficient aerobic conditions like Enterobacter sp. FMCC-208 presents interest and merits of more detailed research in the future. Given that the main food industry waste fraction consists of numerous carbohydrates, a set of shake-flask experiments using different sugars such as glucose, fructose, mannose, arabinose, galactose and xylose was performed. A combination of high yield and productivity was achieved when hexoses were added into the medium, while pentoses were also converted into BDO in satisfying, but lower, yields. Despite the somehow lower concentrations obtained during growth on pentoses (i.e. xylose and arabinose; see Table 2 ), the interest on the bioconversion of these types of sugars into 2,3-butanediol and acetoin is obvious, since these types of sugar supplements are found in several types of lignocellulosic hydrolysates (Lin et al. 2014; Athenaki et al. 2018) . Likewise, glucose and fructose fermentation into BDO, the conversion of which indicated indeed high Y BDO,Ace values (Table 2) , presents remarkable interest since these types of sugars are found in several types of food waste streams and residues like inulin-, starchy-or waste bread hydrolysates, glucose-based wastewaters, fruit and vegetable wastes that are rich in the above-mentioned hexoses, etc. (Lin et al. 2014) . On the other hand, given that pentoses breakdown involves two different pathways (i.e. the pentose-phosphate pathway and the phospho-ketolase pathway) while phospho-ketolase pathway is more efficient than the one of phosphate-pentose (and equally more efficient compared to the typical EMP pathway of hexoses; see Athenaki et al. 2018) , it may be assumed that mostly the pentose-phosphate pathway is employed in Enterobacter sp. FMCC-208 strain.
The study further focused on the determination of various parameters in order to achieve the highest BDO production in the minimum time. The temperature effect on BDO production was tested, and the optimum results were obtained at temperatures ranging between 30
• C. In particular, at T = 37
• C, conversion of sucrose into BDO and Ace in shake-flask trials reached the productivity of 2.35 g l -1 h -1 , which is the highest value noted in this study and amongst the highest ones reported in the international literature (Celinska and Grajek 2009; Zeng and Sabra 2011; Jung et al. 2013; Li et al. 2013) . The following step was to investigate the range of the initial sucrose imposed, and as it was anticipated, substrate inhibition occurred at the somehow elevated initial concentrations into the medium. The threshold of sucrose inhibition was different when various kinetic parameters such as μ max , Y X/S or lag phase time were taken into consideration (see Table 4 ), but what was indeed interesting referred to the fact that enhanced sucrose assimilation and significant BDO production were both reported even when indeed high sugar quantities (i.e. concentrations up to 150 g l -1 )
were found into the medium. Similar 'resistance' upon enhanced sugar concentrations into the medium has been reported for a scarce number of BDO-producing microorganisms like Enterobacter aerogenes DSM 30053 and B. licheniformis DSM 8785 (Zeng, Biebl and Deckwer 1991; Jurchescu 2013; Jurchescu et al. 2013) , but in the latter case microorganisms deriving from culture collections and no food-derived new isolates (as in the current investigation) were employed as cell factories. Fed-batch bioreactor experiments under anaerobic and aerobic conditions at T = 30
• C were conducted. Although the volumetric productivity was almost the same in both cases, the final product synthesis, namely 90.3 g l -1 of BDO and 10 g l -1 of acetoin, was significantly higher under aerobic conditions and one of the highest reported in the literature, leading also to the highly promising yield of 0.43 g g -1 . Another fed-batch experiment was conducted under aerobic conditions at T = 37
• C, resulting in the fact that higher temperatures tested led to bioconversion and volumetric productivity increase, although the final product synthesis (BDO + Ace) was slightly lower than the one of the trial at T = 30 • C (see Table 7 ). During the last fedbatch experiment, molasses was used as the sole carbon source into the culture medium and final BDO and acetoin concentration was remarkably lower while high amounts of lactic acid were accumulated into the culture medium. Constant addition of molasses into the environment of the reactor that is due to the fed-batch system employed might result in the continuous addition of inhibitors (i.e. phenolic compounds like phenol, m-cresol, etc, melanoïdines and potentially other recalcitrant compounds; see Dahiya, Singh and Nigam 2001; Lin et al. 2014) , which could potentially favor the activity of lactate dehydrogenase or could decrease the activity of α-acetolactate synthase, and thus could provoke a metabolic shift towards the synthesis of lactic acid preventing BDO and Ace production (if the above-mentioned events happened, loss of the carbon flow from the pathway sugar 2,3-butanediol in favor to that of sugar lactic acid would occur). On the other hand, comparison between the shake-flask/Duran-bottle experiments in which either molasses or sucrose was used as microbial substrates in similar and relatively low initial total sugar concentrations employed (see Tables 1a and 2 ) did not reveal seriously lower BDO production in the molasses-based media compared to trials performed on sucrose. In some cases too (see Table 2 ), molasses fermentation resulted in a higher Y BDO,Ace value than that achieved on sucrose Therefore, the previously developed rationale in which the constant addition of molasses (and, thus, inhibitors) could be the main reason for the metabolic shift towards lactic acid production might be reasonable.
Besides the production of metabolites and the assimilation of sugars, interesting decolorization occurred during the fermentation of molasses in both aerobic and anaerobic fermentations carried out (Fig. 6) ; therefore, molasses wastewaters deriving after a potential BDO fermentation by Enterobacter sp. FMCC-208 could have been considered as already partially treated before their safe disposal. The disposal of wastewaters deriving from several types of molasses fermentations (i.e. production of citric acid, single-cell protein or ethanol) constitutes a major source of soil and aquatic pollution, since melanoïdines, phenolic compounds, etc. that are contained in these residues are highly resistant to microbial attack and conventional biological processes such as activated sludge treatment are insufficient in removing these components (Dahiya, Singh and Nigam 2001) . Given that several types of bacteria are known for their ability to break down phenolic compounds and melanoïdines (Dahiya, Singh and Nigam 2001; Metsoviti et al. 2011) , optimization of molasses decolorization by Enterobacter sp. FMCC-208 seems to be an interesting topic that needs to be studied in the future. Finally, the employed strain has shown great ability to grow and produce BDO even under non-aseptic conditions, a feature presenting obvious interest for a potential scale-up of the process. To our knowledge, in a restricted number of reports efficient BDO production occurred under non-aseptic conditions (i.e. production of c. 100 g l -1 of BDO + Ace by the mutated strain Enterobacter cloacae CGMCC 6053; see Dai et al. 2015) . Remarkable research has been conducted so far on the biotechnological production of BDO and acetoin via bacterial cultivation. In most cases, strains belonging to Enterobacteriaceae and Bacillaceae family have shown great ability on assimilation of various carbon sources and wastes along with remarkable BDO production. For instance, B. polymyxa ATCC 12321 (de Mas, Jansen and Tsao 1987) was one of the first strains used for BDO production using various carbon sources. The highest yield, 0.40 g g -1 , was obtained when galactose was used as carbon source and the maximum productivity rate, 0.51 g l -1 h -1 , was noted when glucose was added into the medium. Enterobacter sp. strains have been intensively studied in relation to their potential of BDO (and Ace) production and in several cases, production of 2,3-butanediol higher than the one reported by Enterobacter sp. FMCC-208 was obtained. For instance, the wild-type E. aerogenes DSM 30053 deriving from official culture collection (namely DSM) successfully converted glucose into BDO with very high final concentration (c. 110 g l -1 ) during fedbatch experiments (Zeng, Biebl and Deckwer 1991) . The mutated strain E. cloacae CGMCC 6053 produced very high BDO + Ace quantities (i.e. up to c. 100 g l -1 ) during growth on sugarcane molasses that were freshly prepared and used for fermentation without previous heat sterilization in fed-batch bioreactor microaerobic trials (Dai et al. 2015) . Moreover, E. cloacae strain SDM was systematically metabolically engineered to construct an cell factory for the production of enantio-pure (2R,3R)-2,3-butanediol and, indeed, when a lignocellulosic hydrolysate was used as substrate, 119.4 g l -1 of (2R,3R)-BDO (purity > 96.0%) was obtained in fed-batch bioreactor experiments (Li et al. 2015) . The cultivation of a genetically engineered E. aerogenes strain (in which sucrose regulator-ScrR had been disrupted from the genomic DNA) on agro-industrial residues (sugarcane molasses) during fed-batch experiments has led to the production of 98.7 g l -1 of BDO at 36 h, reaching one of the highest volumetric productivities referred in the literature namely 2.74 g l -1 h -1 (Jung et al. 2013 (Cho et al. 2015a) . Non-negligible productivities reported so far were noted when K. pneumoniae CICC 10011 was cultivated on glucose (Qin et al. 2006) . The final BDO production was 52.4 g l -1 while the productivity was 1.0-1.5 g l -1 h -1 . A recent research focused on BDO production using sugarcane hydrolysate by the strain K. pneumoniae CGMCC 1.9131 . The maximum yield was 0.43 g g -1 and
the maximum productivity was 1.45 g l -1 h -1 . Other sugar-based raw materials (i.e. Jerusalem artichoke tubers) have been considered as potential substrates for BDO production with a maximum production of 80.5 g l -1 reported (Li, Dai and Xiu 2010) .
In another case, a K. oxytoca strain produced the very high quantity of 130 g l -1 of BDO during fed-batch bioreactor fermentation (Ji et al. 2010) . A K. oxytoca mutant (strain NBRF4) was used during another fed-batch cultivation, producing 34.2 g l -1 of BDO without organic acid production in 70 h (Han et al. 2013) . Recently, B. licheniformis (GRAS microorganism), cultivated in shake-flask fed-batch experiments, was reported to produce a BDO max quantity that was very high (= 144.7 g l -1 , productivity = 1.14 g l -1 h -1 ; Jurchescu et al. 2013) . Another newly isolated GRAS strain B. licheniformis strain (strain 10-1-A) produced very high BDO quantities (up to c. 116 g l -1 ) when glucose was used as substrate with a simultaneous high conversion yield of 0.47 g g -1 of glucose consumed and an excellent volumetric productivity of 2.4 g l -1 h -1 in fed-batch bioreactor trials (Li et al. 2013) . Finally, using crude glycerol, residue deriving from biodiesel production, the genetically engineered K. oxytoca M3, in which pduC (encoding glycerol dehydratase large subunit) and ldhA (encoding lactate dehydrogenase) genes were deleted in order to maximize the pathway glycerol 2,3-butanediol, converted glycerol into BDO with very high final concentration and yield (BDO max = 131.5 g l -1 , yield = 0.44 g g -1 of glycerol consumed) (Cho et al. 2015b) . A synopsis of the results reported in the literature and their comparison with the current investigation is seen in Table 8 . As it can be seen, the performances of the strain Enterobacter sp. FMCC-208 are quite interesting; nevertheless, in several cases they are somehow lower that the ones reported in Table 8 . In any case though, Enterobacter sp. FMCC-208, newly isolated and originated from food-stuffs microorganism, can be considered as a promising microbial cell factory amenable to convert several types of sugar-based renewable materials (i.e. commer- cial sucrose, sugarcane molasses, etc.) into 2,3-butanediol and acetoin at satisfactory concentrations, conversion yields and volumetric productivities, performing in several cases in previously non-thermally sterilized media, while growth on molasses can be accompanied by partial decolorization of the residue.
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